INTRODUCTION {#S1}
============

Left ventricular (LV) diastolic function is an essential component of the heart's physiological adaptation to daily life. Altered diastolic function occurs in many conditions, such as acute and chronic ischemic cardiac disease ([@R1]), LV hypertrophy and heart failure ([@R2], [@R3]).

Diastole is a complex biochemical and physiological process that is subdivided into four consecutives phases ([Fig. 1](#F1){ref-type="fig"}). These are determined by energy-dependent mechanisms, the biophysical characteristics of myocardial fibers and many other factors in both normal and pathologic conditions ([@R4]). Several indexes and techniques have been used in the study of diastolic function, but Doppler echocardiography currently represents, through the study of transmitral and pulmonary venous flow by pulsed wave (PW) Doppler ([@R5]--[@R7]), myocardial tissue Doppler ([@R8]--[@R10]) and intraventricular diastolic flow propagation velocity ([@R11], [@R12]), the best non-invasive approach for evaluating the diastolic function and classifying the different degrees of diastolic dysfunction.

Fig. 1- Schematic representation of the cardiac cycle. The different phases of diastole are indicated. See the text for details.

TRANSMITRAL FLOW PULSED WAVE DOPPLER
------------------------------------

During sinus rhythm, pulsed Doppler transmitral flow shows two waves ([Fig. 2](#F2){ref-type="fig"} a--b). The first, called early (E) wave, is determined by the pressure gradient between the left atrium and left ventricle early after mitral valve opening during the left ventricle fast filling period ([@R5], [@R6], [@R13]). The second wave (A), which follows the E wave, appears during late diastole, and is the result of atrial contraction and the elastic proprieties of the left atrium and ventricle during late diastole. The E/A rate was one of the first diastolic function indices used ([@R5], [@R6]). Deceleration time (DT) of the E wave is well correlated with the left atrium mean pressure in different pathologic states. Another index is the isovolumetric relaxation time (IVRT), corresponding to the time from aortic valve closure to mitral valve opening ([@R14], [@R15]) ([Fig. 3](#F3){ref-type="fig"})

Fig. 2- Pulsed Doppler transmitral flow: a. the sample volume of pulsed Doppler is positioned at the tips of the mitral leaflets to record the tranmitral flow; b. example of pulsed Doppler flow at the mitral flow: the peak velocity in early dialstole and atrial systole are shown. The dotted line on descent of early filling wave indicates how to measure the deceleration time. See the text for details.

Fig. 3- Isovolumetric relaxation time (IVRT). The sample volume is positioned between the left ventricular outflow tract and the anterior mitral leaflet; the time interval between the end of aortic flow and the beginning of mitral flow (dotted lines) represents the IVRT. See the text for details.

PULMONARY VEIN FLOW PULSED WAVE DOPPLER
---------------------------------------

Pulsed Doppler flow of the pulmonary vein (usually the right upper pulmonary vein) in sinus rhythm is characterized by two anterograde waves, the systolic (S wave) and the diastolic (D wave) and a retrograde wave (Ar wave) during atrial systole ([Fig. 4](#F4){ref-type="fig"} a--b). In the presence of sinus bradycardia, it is possible to recognize the two components of the S wave: the first (S1) is due to blood inflow from the pulmonary veins during atrial diastole, the second (S2) is the consequence of the interaction of the right ventricle systolic volume and the left atrium compliance ([@R14]). The echocardiographic indices usually evaluated at the level of pulmonary venous flow are systolic (S) and diastolic (D) peaks, their ratio (S/D), time-velocity systolic wave integral, Ar wave peak velocity and duration, and Ar - mitral A wave time difference (as an index of LV end-diastolic pressure) ([@R7]).

Fig. 4- Pulsed Doppler flow of pulmonary vein: a. the sample volume of pulsed Doppler is positioned in the upper pulmonary vein (usually the right), just before its entry in the left atrium; b. anterograde flow in systole and early diastole and retrograde flow during atrial contraction are shown. See the text for details.

OTHER DOPPLER ECHOCARDIOGRAPHIC APPROACHES
------------------------------------------

### Tissue Doppler of the mitral annulus

In healthy adults tissue PW Doppler of the mitral annulus is made up of a positive systolic wave (Sm) and two negative diastolic waves similar to transmitral flow in PW Doppler, an early (Em) and a late one (Am), during atrial systole ([Fig. 5](#F5){ref-type="fig"} a--b). This diastolic pattern is independent of, or at least less dependent on, ventricular preload variations, compared to Doppler mitral flow. Mitral E/Em ratio can be used as a reliable non-invasive index of LV filling pressure ([Fig. 6](#F6){ref-type="fig"}) ([@R8], [@R10]).

Fig. 5- Tissue pulsed Doppler of the mitral annulus: a. the sample volume is positioned at the lateral segment of mitral annulus; b. peak tissue Doppler velocity in early diastole and atrial contraction are shown. See the text for details.

Fig. 6- Correlation between mitral E/Em ratio on tissue Doppler of mitral annulus and left ventricular filling pressure (modified from Nagueh et al ([@R8])). See the text for details.

### Color M-mode transmitral-flow velocity

During the early filling phase, it is possible to register from the base to the apex of the left ventricle a consecutive series of intracavitary pressure gradients, which lead to flow propagation from the mitral annulus to the apex. It is possible to measure this propagation velocity using color M-mode by placing the M-mode cursor in the centre of the color spectrum of the left ventricle inflow tract. By measuring the outside edge slope of the color protodiastolic velocity, about 4 cm below the mitral valve plane, the propagation velocity (Vp) is obtained, a relatively preload-independent index well correlated with the tau constant at left heart catheterization ([@R11], [@R12]).

DOPPLER PATTERNS OF DIASTOLIC DYSFUNCTION
-----------------------------------------

Three different patterns of transmitral flow have been described, in pathologic conditions - impaired relaxation, pseudonormal and restrictive pattern - corresponding to a different severity of diastolic dysfunctions ([Fig. 7](#F7){ref-type="fig"}).

Fig. 7- Different Doppler patterns of diastolic dysfunction: modified from Zile et al ([@R21]). See the text for details.

The impaired relaxation pattern of transmitral flow, usually considered the lightest form of diastolic dysfunction (degree I), is characterized by a prolonged isovolumetric relaxation time (usually \>100 msec), a smaller E wave peak, with a prolonged deceleration time (DT \>200--220 msec), an increased A wave peak, and a lower E/A ratio (\<1). Likewise, in pulmonary vein flow S/D ratio is \>1 whereas Ar wave peak may be significantly increased (from −20 to −28−30 cm/sec). Finally, Em mitral annulus velocity width at TDI is quite reduced (\<8--10 cm/sec) and color M-mode propagation velocity is \<45 cm/sec.

In patients with pseudonormal or *normalized* pattern (degree II diastolic dysfunction), transmitral flow is similar to normal, but pulmonary flow S velocity peak is reduced, S/D ratio is \<1, Ar velocity peak and duration are increased; Ar-mitral A difference is ≥20--30 msec, reflecting high filling pressure. TDI Em velocity, which is independent of preload variations and left atrial pressure, is reduced (usually \<8 cm/sec), confirming an impaired relaxation. It is very important to differentiate between truly normal and pseudonormal patterns and the combined use of transmitral flow, pulmonary vein flow and mitral annulus TDI is generally necessary. The behavior of transmitral flow during preload manipulations (for example, the Valsalva maneuver) may allow the correct diagnosis. When preload is reduced, during the strain phase of Valsalva, anormal filling patterns show a similar reduction of E and A velocity, on the other hand, a pseudonormal pattern changes to an impaired relaxation pattern (peak E wave velocity reduces more than A wave ([@R16], [@R17])) ([Fig. 8](#F8){ref-type="fig"}).

Fig. 8- The effect of valsalva maneuver on pulsed Doppler of transmitral flow in order to differentiate between the true normal and pseudonormal left ventricular filling pattern. See the text for details.

With advanced degrees of diastolic dysfunction and the progressive increase of mean left atrial pressures, a very high E wave and a low A wave usually occur at transmitral flow, with E/A ratio \>2, associated with reduced DT (\<150 msec); IRVT is also shorter than normal (\<60 msec). This pattern of transmitral flow is referred to as restrictive filling pattern, or degree III of diastolic dysfunction ([@R16]). The large flow during rapid filling (prominent E wave) is caused by elevated early diastolic atrioventricular pressure gradient. The short duration of early filling flow reflects the elevated left ventricle wall stiffness, with rapid equalization of ventricular and atrial diastolic pressure (short DT). On the pulmonary vein flow, the systolic wave is reduced or absent and Ar width and duration are increased ([@R14], [@R16]). At TDI, Em peak and color M-mode propagation velocity are reduced since they are preload-independent or less preload-dependent, compared to other Doppler parameters ([@R18]). A reversible restrictive pattern can usually be modified by therapeutic interventions to less advanced stages of diastolic dysfunction. However, in some pathologic states, due to severe abnormalities of diastolic properties of the ventricular walls and a marked increase in filling pressure, the restrictive pattern cannot respond to load manipulations *(irreversible or fixed)*. Furthermore, Doppler abnormalities of *left atrial dysfunction or failure* can also be observed on Doppler profile of transmitral and pulmonary venous flow, characterized by a low and short duration atrial wave ([@R13], [@R16]).

NON-INVASIVE MEASUREMENT OF LEFT VENTRICULAR FILLING PRESSURES
--------------------------------------------------------------

Studying diastolic function by echocardiograph allows a fairly reliable and reproducible measurement of filling pressures and their variations determined by disease progression and/or therapeutic interventions ([@R6]--[@R12], [@R14], [@R19]--[@R21]). In some studies, transmitral flow E/A ratio and DT have shown a correlation (from satisfactory to very good) with invasively measured mean left atrial pressure. Another Doppler index that correlates well with left atrial pressure is the systolic pulmonary vein flow wave. The higher the atrial pressure, the lower the peak velocity and time-velocity S wave integral ([@R22]). Furthermore, Ar length is increased in patients with increased end-diastolic LV pressure, whereas mitral A wave length is reduced; therefore, Ar-mitral A length difference has a fairly good correlation with invasively measured atrial pressure ([@R7]). Finally, mitral E--TDI Em ratio (the latter preload-independent) has also shown a good correlation with mean left atrial pressure ([Fig. 6](#F6){ref-type="fig"}) ([@R8]).

DOPPLER ECHOCARDIOGRAPHIC STUDY OF LEFT VENTRICULAR DIASTOLIC FUNCTION IN DISEASES: ITS IMPORTANCE IN CLINICAL MANAGEMENT
-------------------------------------------------------------------------------------------------------------------------

### Systemic hypertension and left ventricle hypertrophy

Systemic hypertension is generally responsible for degree I diastolic dysfunction, especially in the initial stage of the disease. Even though the main cause is left ventricle hypertrophy (due to chronic pressure overload), some studies have shown that diastolic dysfunction can occur in systemic hypertension despite a normal left ventricle mass and preserved systolic function ([@R23]). Some authors have suggested that left ventricle pressure overload could lead *per se* to an impaired relaxation, and/or that moderate interstitial fibrosis (even without an increase in ventricular mass) in response to pressure stimulus could lead to diastolic abnormality ([@R24]--[@R26]). In more advanced stages of hypertensive cardiopathy, a pseudonormal pattern or even a restrictive pattern can be observed, indicating an increase of LV filling pressure and some degree of left atrial dysfunction ([@R24]).

### Hypertrophic cardiomyopathy

Asymmetric obstructive and non-obstructive hypertrophic cardiomyopathy is another condition with increased left ventricle mass ([@R27]), ([@R28]), which can result in diastolic dysfunction. Mitral flow and pulmonary vein flow at PW Doppler are usually characterized by degree I dysfunction. Relaxation abnormalities in such patients are due to wall hypertrophy and myocardial fiber disarray.

### Dilated cardiomyopathy and heart failure due to systolic dysfunction

Dilatation and dysfunction of the left ventricle, whether symptomatic or not, whatever the etiology, can occur with each pattern of left ventricle filling described above. There is usually a poor correlation between LV ejection fraction and filling pattern. Some patients can have a severe reduction in systolic function (LVEF \<30%) and an impaired relaxation, a pseudonormalized or a restrictive LV filling pattern; filling pattern, on the other hand, depends on and indicates the level of diastolic pressure in the left atrium and left ventricle (normal, mildly and markedly increased, respectively). This confirms that the severity of the clinical picture depends on several factors, such as peripheral abnormalities, contractile status, functional, mitral regurgitation, but also diastolic myocardial properties, and hence filling pressure. Interestingly, the LV filling pattern has a strong prognostic role in heart failure patients, independent of and additive to other common parameters, such as LV ejection fraction, New York Heart Association, renal function, hyponatremia, etc ([@R15], [@R16]).

### Restrictive cardiomyopathy and constrictive pericarditis

The term restrictive cardiomyopathy is generally used to identify heart failure states without LV dilatation, but with hypertrophy of the ventricular walls ([@R29]). Disorders included under restrictive cardiomyopathy are amyloidosis, hemochromatosis, endomyocardial fibroelastosis, infiltrative disorders (such as Fabry's disease, Gaucher's disease and eosinophilic endomyocardial fibrosis) and idiopathic restrictive cardiomyopathy ([@R29], [@R30]). Clinical manifestations are usually secondary to diastolic dysfunction (impaired relaxation and reduced compliance of the left ventricle) with hemodynamic abnormalities (increased ventricular filling pressures and left atrial pressure) identified by the restrictive pattern at mitral PW Doppler.

Restrictive physiology is also the main physiopathologic mechanism of constrictive pericarditis, a rare but serious clinical condition ([@R30]). Fibrous thickening of the serosa and pericardial calcifications were once consequences of tuberculosis, but they now occur as late sequelae of heart surgery or radiotherapy. A relevant limitation occurs in heart chamber filling *(the whole heart volume is fixed in systole and diastole)*, especially during fast filling, causing an early increase and equalization of both right and left atrial and ventricular diastolic pressures. The Doppler profiles are similar in restrictive cardiomyopathy and constrictive pericarditis patients. Changes observed during respiration can contribute to differential diagnosis. In constrictive pericarditis, during inspiration there is a greater reduction in diastolic pulmonary vein flow (D wave) and transmitral fast filling (E wave) ([Fig. 8](#F8){ref-type="fig"}), whereas tricuspid E wave increases, due to venous return. During expiration, there is an increase in E wave peak velocity (usually \>25% compared to the inspiratory phase), pulmonary vein flow S and D waves, and a reduction in tricuspidal E wave ([@R31], [@R32]). Respiratory changes are usually absent in restrictive cardiomyopathy patients.

### Diastolic heart failure

Epidemiologic studies have shown that about 40% of patients admitted to hospital with heart failure have preserved LV ejection fraction ([@R33]); accordingly, the clinical picture is usually attributed to isolated diastolic dysfunction. In these patients, impaired relaxation and especially abnormal elastic properties (compliance) of the left ventricle are secondary to diastolic pressure-volume curve relation, which moves up and to the left compared with healthy subjects and patients with systolic heart failure ([@R34]). In a review of 31 studies (from 1970--1995), the prevalence of isolated diastolic dysfunction ranged from 13--74%, being around 40% in most studies ([@R33]).

According to ACC/AHA guidelines, a diagnosis of heart failure with preserved systolic or diastolic dysfunction can be made when there are signs and symptoms of heart failure with normal left ventricle ejection fraction ([@R35]). On the other hand, according to the European Study Group on diastolic heart failure, the diagnosis of diastolic heart failure requires the simultaneous presence of signs and symptoms of heart failure, the demonstration of normal left ventricle ejection fraction and the evidence of diastolic dysfunction by invasive or non-invasive approaches ([@R36]). This approach requires a careful assessment of several diastolic function parameters (adjusted for sex and age).

CONCLUSIONS {#S2}
===========

The study of diastolic function by Doppler echocardiography is complex and demanding. The cardiologist/echocardiologist must have a systematic approach to the study of diastolic function, not only based on the Doppler index, but integrating Doppler patterns with other echo-parameters (chamber diameters, wall thickness, systolic function, valve function and morphology) and clinical information. A rational interpretation of clinical and instrumental data can allow a correct diagnosis, which is essential for clinical decision-making.

At the time this review was accepted for publication, the Heart Failure and Echocardiography Associations of the European Society of Cardiology published a Consensus Statement on the diagnosis of Diastolic Heart Failure (Eur Heart J 2007 Apr 11; (Epub ahead of print)), in which the role of an integrated approach including a careful clinical examination, a comprehensive Doppler echocardiographic evaluation and the use of cardiac biomarkers, such as natriuretic peptides, is emphasized.
